Purpose: Polymorphisms in the genes SRD5A1 and SRD5A2 encoding androgen biosynthetic 5a-reductase enzymes have been associated with an altered risk of biochemical recurrence after radical prostatectomy in localized prostate cancer.
Introduction
Prostate cancer is the most frequent malignancy in men and the second leading cause of cancer death in Western countries (1) . It is well established that androgens play a central role in prostate cancer progression even until it reaches advanced stages. Indeed, the conversion of testosterone (T) by 5a-reductase (5-AR) enzymes (types 1 and 2) leads to dihydrotestosterone (DHT), the most potent androgen receptor agonist in prostate cells. Under normal physiologic conditions, SRD5A2, which encodes a 5-AR, is preferentially expressed over SRD5A1 in the prostate (2, 3). In prostate cancer cells, however, the balance in expression of these genes shifts toward predominant expression of SRD5A1 (3, 4) , supporting a role for both enzymes in DHT bioavailability and carcinogenesis. In fact, 5-AR enzymes represent attractive targets for preventing prostate cancer development. In that context, the importance of androgens in early cancer initiation is emphasized by the fact that finasteride, a 5-AR type 2 inhibitor, and dutasteride, a dual 5-AR inhibitor targeting both 5-AR type 1 and type 2 enzymes, have been shown to reduce by almost 23% the risk of prostate cancer incidence (5, 6) . More recently, the REDEEM trial conducted with patients with low-risk prostate cancer showed that dutasteride also reduced by 10% the likelihood of cancer progression (7) .
However, prostate cancer is clearly a heterogeneous disease, and prediction of response to treatment and progression remains a major challenge for the field. In addition to established tumor markers, certain patient genetic factors seem clearly associated with cancer progression. For instance, germline genetic polymorphisms in SRD5A, UGT2B, and HSD17B were shown to be associated with progression in Caucasian and Asian patients with prostate cancer after radical prostatectomy (8) (9) (10) . In a previous study, 4 SRD5A2 single nucleotide polymorphisms (SNP; rs2208532, rs12470143, rs523349 (V89L), and rs4952197) were associated with biochemical recurrence (BCR) after radical prostatectomy in Caucasians and Asians (9) . The strongest effect was conferred by the SRD5A2 V89L nonsynonymous SNP (rs523349C allele) with an HR of 2.87 [95% confidence interval (CI), 2.07-4.00; P ¼ 4 Â 10 À10 ; 48% BCR). In addition, 2 SNPs, rs518673T in SRD5A1 and rs12470143A in SRD5A2, were associated with a reduced BCR rate (HR ¼ 0.37; 95% CI, 0.19-0.71; P ¼ 0.003 when combined; 16% BCR) compared with noncarriers (38% BCR). Such results support a significant effect of inherited genetic variations in the androgenic pathways on hormonal homeostasis and prostate cancer recurrence. Despite the identification of such potential biomarkers, however, there is a clear lack of biologic data explaining these findings. It is hypothesized that polymorphisms in SRD5A genes affect the corresponding exposure to sex steroids of androgen-responsive cells, which may impact cell proliferation and cancer progression. At present, the influence of SRD5A polymorphisms linked to recurrence and progression in patients with prostate cancer on the systemic and prostatic sex-steroid hormonal environment remains undetermined. To gain potential insight into their biologic effects, we sought to evaluate the association of previously reported prognostic markers in SRD5A1 and SRD5A2 with levels of circulating and prostatic sex steroids in the same cohort of patients with prostate cancer.
Patients and Methods
This study was based on a cohort of 526 Caucasians diagnosed with prostate cancer recruited at the CHU de Qu ebec-Hotel-Dieu de Qu ebec Hospital (Qu ebec, Canada) between 1999 and 2002, as described (8, 9) . For the specific purpose of this study, available plasma and tissue samples were studied (numbers are indicated in Tables), and we excluded patients who received hormonal treatment. Patients did not receive 5-AR inhibitors (5-ARI) in this study. Two high-volume surgeons performed all surgeries for these patients (Drs. L. Lacombe and Y. Fradet). A fragment of fresh prostatic tissue was selected by the pathologist from the radical prostatectomy specimen in the area containing tumor tissue. Microdissection of tumors was not performed. Each specimen was then immediately snapfrozen and kept at À80 C. The remaining prostatic tissue was fixed and submitted in its entirety for histologic examination. Gleason score and pTNM stage were evaluated with paraffin sections. Detailed clinical information was available from a preoperative evaluation and medical records. All participants provided written consent before surgery for the analysis of their genome and corresponding hormone levels. The local research ethics committee approved the research protocol. Analyses described below were conducted blinded.
Genotyping
Genomic DNA was prepared from peripheral blood mononuclear cells collected from patients on the morning of a preoperative ambulatory clinical visit. All samples were kept frozen at À80 C until the time of study. Genomic DNA was extracted using the QIAamp DNA Blood Mini Kit (QIAGEN Inc.) and stored at À80 C. For genotyping, PCR was performed using Sequenom iPLEX matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry, as described (9) .
Analyses of steroid levels in plasma and prostatic tissue samples Dehydroepiandrosterone (DHEA), 5-androsten-3b, 17b-diol (5-diol), testosterone (testo), DHT, androsterone (ADT), androstane-3b-17b-diol (3b-diol), estrone (E1), estradiol (E2), 4-androstenedione (4-dione), ADT-glucuronide (ADT-G), androstane-3a, 17b-diol 3-glucuronide (3a-diol-3G), androstane-3a, 17b-diol-17 glucuronide (3a-diol-17G), DHEA-sulfate (DHEA-S), and E 1 -Sulfate (E 1 -S) were purchased from Steraloids. Deuterated isotopes of hormones, namely DHEA-d3, testo-d3, DHT-d3, E1-d4, E2-d4, ADT-d3, 3b-diol-d3, 4-dione-d7, androstane-3a, 17b-diol 17-glucuronide-d3 (3a-diol-17G-d3), E1-S d4, and ADT-S d2, were purchased from C/D/N Isotopes. Plasma
Translational Relevance
Prostate cancer is a heterogeneous disease at the molecular and clinical levels requiring an individualized approach to patient care. The importance of androgen in cancer initiation and progression is clearly established at all disease stages. Moreover, 5a-reductase inhibitors (5-ARI) have shown potential clinical efficacy as chemopreventive medications. Likewise, SRD5A polymorphisms were recently associated with altered risk of biochemical recurrence in localized prostate cancer disease. To gain insights into SRD5A biologic effects, we examined the relationship between SRD5A prognostic markers and endogenous sex-steroid levels measured by gold-standard mass spectrometry methods in plasma and corresponding prostatic tissues of patients with prostate cancer. Our findings sustain the significance of common inherited SRD5A polymorphisms on the modulation of the androgenic milieu of patients with cancer. The utility of understanding the impact of SRD5A germline determinants on androgen exposure is that it could potentially be used to identify subgroups of patients, with a particular androgen microenvironment profile, that would most benefit from 5-ARI. Therefore, protective and high-risk germline SRD5A alleles associated with changes in hormone levels may lead to more personalized approaches to refining 5-ARI therapy, especially early in disease course. steroid measures were based on a procedure previously described (11, 12) . Steroids measured in plasma were DHEA-S, DHEA, 5-diol, testo, DHT, 3b-diol, 4-dione, ADT, E1-S, E1, E2, ADT-G, 3a-DIOL-3G, and 3a-DIOL-17G. For tissue, a 50-mg frozen tissue section of prostate was transferred to a 12 Â 75 mm glass tube containing 250 mL of 12.5 mmol/L ammonium bicarbonate and homogenized. To assess total steroids, namely total (unconjugated and conjugated) T, DHEA, 5-diol, DHT, 3b-diol, and ADT, 50 mL of the deuterated internal standards were added to the homogenized samples, following by the addition of 0.5 mL of freshly prepared hydrolysis buffer containing b-glucuronidase/sulfatase enzyme (Helix pomatia, type HP-2, !500 U b-glucuronidase, and !37.5 U of sulfatase activity) as described (13) . Samples were incubated overnight at 37 C for hydrolysis and then extracted with 4 mL of chlorobutane: ethyl acetate (3:1) mixture. The organic layer was transferred to a clean glass tube, evaporated to dryness at 35 C under nitrogen gas, and dissolved with 100 mL of sodium bicarbonate (pH 9.0) and 100 mL of dansyl chloride (1 mg/mL in acetone). Then, 3 mL methanol:water (1:4) mixture was added to the sample, and solid-phase extraction was performed with a Strata-X Reversed SPE Phase Sorbents 60-mg columns (Phenomenex) previously conditioned with 1 mL methanol followed by 2 mL of water. The loaded cartridges were then sequentially washed with 3 mL of water and 3 mL of 55% methanol. The cartridges were dried under full vacuum. The androgenic compounds were eluted with 3 mL of 90% methanol and evaporated to dryness at 45 C under nitrogen gas. Next, androgens were derivatized and analyzed by gas chromatography-mass spectrometry as described (8) . The sulfatase and b-glucuronidase mixture from H. pomatia was tested for steroid-converting enzymatic activities, and it was noted that this specific preparation presents some HSD3B activity (<3%, data not shown). Lower limit of quantification for T, DHEA, 5-diol, DHT, 3b-diol, and ADT were 300, 1,000, 500, 50, 100, and 250 pg/g, respectively.
Statistical analyses
To adjust for differences in the absolute levels of sexsteroid hormones, we calculated residuals of the natural logarithm of the hormone level regressed on age at blood donation and smoking status. We assessed the association of SNPs with variation in hormone levels by performing the regression of hormone residuals on each SNP independently for 2 models: recessive and dominant with one degree of freedom. We considered the association of a SNP with variation in hormone levels to be significant if the P value was 0.05. To facilitate comparisons between groups, we displayed the hormone level as untransformed data by using the geometric mean and SEM. Statistical analyses were performed using SAS Statistical Software version 9.2 (SAS Institute) and using PASW statistics version 17 (SPSS Inc.). Owing to the exploratory nature of this study on androgen metabolism in patients with prostate cancer, no correction was made for multiple testing.
Results
Characteristics and descriptive statistics of the study cohort are listed in Table 1 . The cohort was mostly composed of white men who underwent radical prostatectomy at L'Hôtel-Dieu de Qu ebec Hospital between February 1999 and December 2002 (8) . Tables 2 to 4 present data for prostatic and circulating steroid levels in samples from patients heterozygous or homozygous for the minor allele in comparison with levels measured in samples from homozygous carriers of the major allele. SRD5A1 rs166050, which is associated with higher risk of BCR, was associated with higher levels of numerous prostatic steroids, particularly DHEA (60%, 25.94 ng/g vs. 15 .76 ng/g; P ¼ 0.045) and ADT (100%, 13.51 ng/g vs. 6 .77 ng/g; P ¼ 0.015), in homozygous carriers for the minor allele rs166050C (Table 2) . No significant change in the concentrations of steroid hormones was observed in the circulation in relation to this SNP (Supplementary  Table S1 ), both in circulating blood and prostatic tissues (Tables 2-4) .
Five SNPs in SRD5A2 were evaluated, of which 4 (rs2208532, rs4952197, rs523349 (V89L) and rs676033) were significantly associated with a higher risk of BCR, and 1 marker (rs12470143) with lower risk of BCR in Caucasians and Asians (9) . Levels of prostate DHT and 3b-diol were particularly affected by one SRD5A2 polymorphism (rs676033). Indeed, patients homozygous for the risk allele rs676033A, in close genetic linkage with rs523349 (V89L), displayed 30% higher prostatic levels of DHT (P ¼ 0.04) and 40% higher 3b-diol (P ¼ 0.03) compared with GG/AG. In addition, plasma ADT levels were also significantly higher (17%; P ¼ 0.04; Supplementary Table 2) in the presence of this polymorphism. Interestingly, tissue levels of 5-diol were higher for most unfavorable SNPs, reaching significance for rs4952197 (37% higher; P ¼ 0.012) and rs523349 (30%; P ¼ 0.030) but not attaining significance for rs2208532 (38%; P ¼ 0.052) and rs676003 (26%; P ¼ 0.058). Remarkably, we found a significant association between the SRD5A rs2208532 SNP and intraprostatic testosterone levels. Indeed, carriers of this high-risk allele had a 32% increase in prostatic testosterone levels (P ¼ 0.038). An apparent lower level (20%) of prostatic testosterone was observed with the protective rs12470143 allele, but this difference was not statistically significant (P ¼ 0.13). Table 3 lists details of the comprehensive effects of SRD5A2 SNPs on prostatic steroid hormone levels.
Of 14 steroids measured in plasma, significant associations were observed for glucuronide (-G) metabolites of DHT in relation to SRD5A2 markers (Fig. 1 , Table 4 , and Supplementary Table S2 ). The protective marker rs12470143A was associated with significantly higher 3a-diol-17G levels (15% for homozygotes; P ¼ 0.048), whereas the opposite was observed for carriers of an unfavorable allele of that gene. In particular, rs2208532G was associated with significantly lower concentrations (10-20%) of ADT-G (P ¼ 0.028) and 3a-diol-17G (P < 0.001). Interestingly, the risk alleles rs676033 and rs523349, in strong linkage disequilibrium in Caucasians (r 2 ¼ 0.90), were both associated with elevated levels of 3a-diol-3G (24% for rs523349CC, P ¼ 0.036; 20% for rs676033AA, P ¼ 0.039). Two SRD5A2 markers (rs12470143 and rs2208532) were also associated with an increase and decrease, respectively, in prostate volume at time of surgery (not shown).
Discussion
SRD5A genes encode rate-limiting enzymes involved in DHT formation in the prostate and several other tissues, particularly the liver and skin. Inhibition of these enzymes is the theoretical basis for chemoprevention strategies (5, 6) and was also recently shown to reduce prostate cancer progression in low-risk disease (14) . In agreement with these previous findings, inherited germline variations in SRD5A1 and SRD5A2 were positively associated with BCR after radical prostatectomy in localized disease in both Caucasians and Asians (9) . These results suggest that SRD5A genes may represent potential biomarkers of disease progression and response to treatment. Our data suggest that SRD5A polymorphisms affect androgen metabolism in patients with prostate cancer as reflected by significant changes in circulating steroid glucuronide metabolites of the potent hormone DHT. Indeed, 4 of the 5 previously identified SRD5A2 markers (rs12470143, rs2208532, rs523349, rs676033) affect circulating glucuronide levels. The SRD5A2 rs12470143 protective marker is associated with higher levels of 3a-diol-17G in patients with prostate cancer, whereas the SRD5A2 rs2208532 risk allele is associated with lower levels of both 3a-diol-17G and ADT-G. Also, the genetically linked rs676033 and rs523349 risk variants are associated with increased levels of androgen glucuronides, namely 3a-diol-3G. Thus, these SRD5A markers significantly affect sex-steroid profiles of DHT metabolites in circulation of patients with prostate cancer. Indeed, T and DHT are rapidly transformed in the human prostate by several metabolic enzymes (15, 16) . Moreover, DHT and its metabolites are further metabolized by UDP-glucuronosyltransferases (UGT), namely UGT2B15, UGT2B17, and UGT2B28, to yield their downstream inactive metabolites such as 3a-diol-3G, 3a-diol-17G, and ADT-G that are subsequently released into the circulation ( Fig. 2; refs. 17-19 ). These major inactive steroids are considered biomarkers for intraprostatic DHT synthesis and exposure (20) . Therefore, the presence of SRD5A2 prognostic markers impacts androgen formation in these men, whereas additional steroidogenic enzymes would be involved in DHT biotransformation before their inactivation by UGTs. In support of our findings, results obtained with the SRD5A2 rs12470143 and rs2208532 SNPs are in complete agreement with previous findings indicating an impact of these key genetic variations on circulating androgen metabolites rather than on circulating SRD5A substrates (21, 22) .
Moreover, SRD5A variants are associated with sex-steroid exposure in the prostate of patients with cancer. Remarkably, the rs2208532 SNP was linked with a 32% increase of intraprostatic testosterone levels, combined with reduced circulating glucuronide levels, suggesting that this high-risk allele is associated with reduced 5a-reductase enzyme efficiency. In the same line of thought, in the presence of the low-risk allele rs12470143, a non-significant reduction (16%) in prostatic testosterone levels combined with higher glucuronide levels suggest that this SNP is associated with high enzyme activity. Interestingly, the nonsynonymous V89L variant of SRD5A2 (rs523349), previously associated with aggressive forms of the disease (23), has been described as a low-activity allele in vitro (24) . This coding SRD5A2 variant has been reported to impact sex-steroid concentrations in different ethnic groups, whereas an ethnic-specific distribution and linkage with other SRD5A2 alleles also has been observed (21, (24) (25) (26) (27) . Measurement of steroid levels in the prostate revealed that individuals carrying a tightly linked variation to rs523349 (e.g., rs676033) display significantly higher intraprostatic DHT and 3b-diol levels, higher circulating levels of ADT (a 5a-reduced metabolite of DHT; Fig. 2) , and no significant alteration in circulating T or DHT levels. According to these observations, we hypothesize that the V89L rs523349 SNP or another variation in linkage disequilibrium such as rs676033 located in the promoter region of the gene would modulate 5a-reductase activity/expression within prostate cells. Further studies are definitely required to evaluate the molecular impact of the rs523349/rs676033 in target cells of patients with cancer.
Regarding SRD5A1 markers, no significant changes were observed in circulating sex-steroid levels. Among the statistically significant results, our data reveal an accumulation of ADT without changes in steroid glucuronide levels, as observed for SRD5A2 markers. These higher levels of ADT indicate that this variation might enhance enzyme activity, also hypothetically favoring BCR in these patients. As previously suggested (28) , this accumulation of ADT combined with the absence of significant changes in T levels in SRD5A carriers may also indicate that the alternate route of androgen biosynthesis not involving T may perhaps predominate in these individuals. In addition, high levels of ADT in these patients could theoretically fuel DHT synthesis by the concerted action of other pathways such as the HSD17B3 and HSD17B6 enzymes, supporting androgen formation and conceivably recurrence of elevated prostate-specific antigen. Unfavorable SNPs in SRD5A2 are also linked to an elevation at the target cell level of other potent steroid hormones such as 5-diol secreted by the adrenals. The mechanism leading to enhanced exposure of 5-diol in these individuals may be a result of additional and complex interplay between 5a-reductases and other key steroidogenic enzymes expressed in the prostate, for example, CYP17A, HSD3B, and HSD17B. If further confirmed in additional independent studies, this enhanced exposure to 5-diol may be of biologic significance in the context of prostate cancer progression because this adrenal precursor was elegantly shown to be a natural hormone with androgenic properties in human prostate cancer cells (29, 30) . Indeed, 5-diol can activate the androgen receptor without being metabolized to T or DHT, especially in the presence of the coactivator ARA70 that notably enhances its androgenic properties (29) . Moreover, 5-diol also has estrogenic activity at physiologic concentrations and can bind the estrogen receptor a (ERa), although at low levels in the normal prostate, and trigger an estrogenic response (31) . Thus, additional studies of this sex-steroid hormone are warranted in the context of cancer progression at different stages of the disease. Moreover, the level of 3b-diol, an important metabolite of DHT, is also altered in the presence of SRD5A prognostic marker (rs676033) and may potentially impact cancer progression as well because it is the endogenous ligand of ERb in human prostate (32) . ERb is the most abundant estrogenic receptor in prostatic basal cells and is involved in major cellular pathways, including inflammation processes, differentiation, and apoptosis, thus supporting a role for this nonaromatized estrogenic steroid in the prostate (32, 33) . Figure 1 . Positive associations observed for SRD5A2 markers and circulating androgen metabolite levels. Graphic representation of variation associated with 4 SNPs in SRD5A2 [rs2208532, rs4952197, rs523349 (V89L), and rs676033; gray tone histograms], which were significantly associated with a higher risk of biochemical recurrence (BCR), and 1 SNP (rs12470143; white histograms) with lower risk of BCR in this cohort of patients. Positive associations were observed with circulating levels of 3a-diol-3G (A), 3a-diol-17G (B), and ADT-G (C). Variation (%) compared with homozygotes of the major allele is shown on the y-axis. Figure 2 . Schematic representation of sex-steroid biosynthesis pathways in patients with prostate cancer. SRD5A2 markers significantly affect the levels of prostatic androgens and circulating androgen metabolites (ADT-G, 3a-DIOL-3G, 3a-DIOL-17G), whereas the SRD5A1 rs166050C risk variant is correlated with greater prostatic exposure to DHT. UGT, UDPglucuronosyltransferase; 4-dione, androstenedione; ADT, androsterone; ADT-G, androsterone-glucuronide; 3a-diol-3G, androstane-3a, 17b-diol 3-glucuronide; 3a-diol-17G, androstane-3a, 17b-diol 17-glucuronide; 5-diol, androst-5-ene-3b,17b-diol; 3a-diol, androstane-3a, 17b-diol; Testo, testosterone.
Overall, inherited SRD5A variations seem to have noteworthy physiopathologic consequences. Indeed, any subtle and persistent variation in sex-steroid hormone levels and/or their relative ratios may modify the course of a slow-progressing disease such as prostate cancer over several years. Data further reinforce the significance of SRD5A genes in hormone metabolism and the biologic relevance of previous associations observed between this pathway and clinical outcomes. The assessment of SRD5A markers based on individual patients' germline genetic variations may also lead to a better patient stratification in future 5-ARI clinical trials, targeting therapeutic interventions to optimize hormonal manipulation in patients with a high risk of recurrence and helping to identify patients who would more likely benefit from treatment. However, it is currently unknown if any SRD5A genotypes, such as the low-risk SRD5A2 allele rs12470143 or any of the high-risk variants (rs2208532, rs676033, rs523349), may modify 5-ARI response. The impact of these common germline polymorphisms should certainly be addressed in future studies.
To our knowledge, this is the first report of sex-steroid measurements in both the circulation and prostatic tissues of patients with prostate cancer in relation to inherited genetic markers associated with recurrence. The strengths of the study include the use of gold standard mass spectrometry-based sex-steroid assays, fasting blood sampling on the morning of the surgery for all patients with paired prostatic tissues collected at prostatectomy, the selection of SRD5A markers (n ¼ 7) associated with biochemical recurrence (9) and the biologic plausibility of the association. Limitations are related to (i) the availability of only single blood and tissue samples for measurement of steroids and (ii) quantification of steroids in available prostate cancer samples containing surrounding peritumoral tissues, because no tumor microdissection was performed. The latter may have resulted in potential underestimation of the impact of these germline variants on overall androgen metabolism in cancer samples. Hence, although this is the first report of sex steroids measured in human prostatic tissues in relation to germline SNPs in key androgenic genes, one must bear in mind that the number of cases assessed was limited owing to the infrequency of acquiring samples from which a relatively large quantity of fresh-frozen prostate cancer tissue could be obtained for steroid measurements. Therefore, these analyses are exploratory, with no attempt to correct for multiplicity. Additional studies analyzing both circulating and prostatic tissue levels of a wide range of sex-steroid hormones in patients with prostate cancer are clearly necessary to gain important information on steroid biotransformation and prostate cancer progression.
We conclude that the assessment of host genetic variants in key steroidogenic pathways, such as those governed by SRD5A genes, represents additional indications that the inherited genetic background influences the hormonal microenvironment to which cancer cells are exposed. Our results support that SRD5A genetic variations modify sex-steroid exposure to potentially promote cancer growth and proliferation. Further studies are required to fully characterize at the molecular level the impact of functional variations in SRD5A genes in both normal and prostate cancer cells. Moreover, markers in SRD5A genes, especially the SRD5A1 rs166050, SRD5A2 rs12470143, rs2208532, and rs676033/rs523349 SNPs, may ultimately represent clinically relevant prostate cancer indicators and lead to more personalized management of the most prevalent cancer in men, especially early in the course of the disease. 
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